The theoretical performance of CSMNCA, as it is used in EEE802.11 wireless LANs, is investigated in this paper. We adopt and mod& a previously presented analytical approach for C S W C A protocols in'wireless LANS with finite number of stations and find closed-form equations for throughput and delay. The presented numerical results highlight the characteristics of both C S W C A methods and define how their performance depends on the number of stations and on traffic conditions. Keywords: IEEE802.11 W L A N s , Carrier sense multiple access with collision avoidance, Distributed coordination function.
INTRQDUCTIQN
The stations of a wireless local area network (WAN) share the medium according to the IEEE802.11 standard [l] . The MAC protocol is based on the distributed wordmation function (DCF) for asynchronous data transmission and on the centralized point coordination function (PCF) for time-bounded data transmissiqns. DCF is based on the C S W C A access method and a random backoff mechanism following each busy medium condition.
Since the CSMNCA can not rely on the stations capability to detect collisions by hearing their own transmission, there are two methods to determine the successful reception of a frame: the Basic C S W C A and the C S W C A with RTSICTS exchange (RTSICTS CSWCA).
Concerning the performance analysis of the CSMA/CA protocols, Zahedi [2] provides an approximate model to compute the throughput of an access point, while Chhaya [3] calculates the CSMNCA throughput using a space dependent model. Bianchi [4] computes the saturation throughput of C S W C A protocol in the assumption of an idcal channel. Kim [5] considers the C S W C A as a hybrid protocol of slotted 1-persistent CSMA and p-persistent CSMA and focuses on the performance of Access Points (APs) in infrastructure networks in Rayleigh and shadow fading channels. In [6] Bianchi revises and extends [4] , providing a model that accounts for all the exponential backoff mechanism details. The condition under which the exponential backoff mechanism is activated is considered in the modified Bianchi's model presented in [7] . Moreover, [7] computes the saturation delay of C S W C A protocol. Finally, Cali [8] suggests a backoff algorithm for p-persistent protocols where the backoff interval is sampled from a geometric distribution with parameter p.
In most studies for CSMA protocols an infinite number of stations was considered for forming the total channel traffic as a Poisson process. This approach is unsuitable for a LAN with a relatively small number of stations. For a finite number of stations another approach is suggested by [9] in which a station is assumed to have idle periods (no packets) that are independent and geometrically distributed (in slotted CSMA protocols) and so the channel has the memoryless property. A different assumption is adopted in [4], [6], [7] and [SI, where the finite number of stations operates in asymptotic conditions: a packet is always ready for transmission. In this work, we adopt the combination of slotted 1-persistent and p-persistent protocols and we use the analytical approaches and assumptions of [5] and [91 in order to evaluate the performance of IEEE802.11 WLANS. In order to present a better insight to the performance of the different protocol modes, we do not consider the capture effect phenomenon, which results in a different closed-form equation for the time spent in successful transmissions. Our work assumes that the network consists of a small number of stations, no errors occur in the channel, no hidden terminal conditions are met and all data frames are of constant length. As in [5], we also use the renewal theory for the delay analysis, but the mean residual lifetime of a random variable is calculated differently.
Section 2 gives the throughput analysis of the C S W C A proloco1 and Section 3 continues with the delay analysis. Finally, Section 4 presents various numerical results and discusses how the protocol's performance is affected by its parameters. Although the IEEE 802.11 MAC protocol uses either the Basic C S W C A or the RTUCTS C S W C A , we consider also another reference method. In the socalled NeACK C S W C A , the transmitter sends its data frame and does not wait for acknowledgement. The channel model of the C S W C A transmission methods is presented in Fig.  1 of ref. [5]. When a station transmits af€er an idle period I (the backoff mechanism is not active yet), the C S W C A protocol is an adapted slotted 1-persistent CSMA protocol, while for the rest of the busy period B is an adapted slotted ppersistent protocol, where each ready station transmits with probability p. In [SI it is shown that the p-persistent IEEE802.11 protocol provides accurate estimates on the Basic C S W C A behavior i f p = l/(E[q + l), where E[WI is the average backof€ time. Additionally, we consider thqt each station generates a frame during each slot with probability g, which includes new arrivals and rescheduled frames. So, if G is the offered load of all stations, then g = aG/M
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We use the methodology of [5] and [9] in order to derive the basic equations. The busy period is divided into several sub-busy periods. Each j subbusy period is denoted by &) and is composed of the time interval DIFS, the transmission delay, D6', which is due to the backoff procedure and the transmission time, fi), which also includes the propagation delay 7 . The first sub-busy period B"' consists of the transmission delay @ I ) , which is a DIFS delay and the transmission t i m e I"'. For the NO-ACK CSMA/CA the transmission time fi) is equal to 1 +~ in all cases, even ifthe transmitted frame collides. A busy period conhues if there is at least one station with a pending frame during the last transmission period or during the last DIFS time interval. We denote by TP the sum of the last transmission period and the k s t DIFS, thus 7P = 1 + t +f: The idle period I is geometrically distributed,
The expectation of the delay istrodwed in each jth sub-busy period 6' = 2,3, ...) is given by:
-(1 -
The sum of the expectation of the busy and the idle period is given by:
Since no capture effect is usedl, we have to calculate the expected value of the usefd transmission period that is different from the one found in [5]. The U(') of the first sub-busy period is calculated considering that the transmission is succtduring the f i r s t sub-busy period, ifthere is only one frame arrival in the fast slot of the idle period. ;So
The expected value of the usefiul transrmss . ion period fl, given that Now = n and dJ) 2 k a , is derived by considering that a transmission is successful when only one station transmits and no collision happens. If k = 0 (there is at least a station with its backoff counter at zero) the transmission is successful when only one among n stations with pending frames transmits. If k > 0 , the transmission is successful either when only one among n stations with pending frames transmits or only one iunong (M -n) empty stations has a new arrival, thus;:
Using the theorem of total probability and summing the useful transmission periods for a11 sub-busy periods, we obtain:
(2.6) Substituting (2.3) and (2.6) into (2.1), we get the channel throughput of the No-ACK CSMNCA. The calculation of the channel'throughput of the Basic and RTSICTS C S W C A protocols is also based on the previous analysis. These access procedures differ from the No-ACK C S W C A in the time lcngths of successful and non-successful transmissions. We define TPs as the sum of successful transmission time plus DIFS time and TPF as thc sum of nonsuccessll transmission time plus DIFS time. We assume that the jth transmission of the busy peridd is X slots, so the length of the (j+l)th transmission depends on whether the jth transmission was successful or not. The length of the remaining busy period is a fimction of X. Let B(X) be the mean duration of the busy period following the frame accumulation time of X slots and V(-I' ) be the mean useful transmission time during the same busy period. We calculate B(X) and U(X) by using the following recursive consideration:
B ( X ) = d ( X ) I-(1-g)(nbr']B(TP~/a)Ju(X)
(2.7)
where d(x) and ~( x ) are obtained by (2.2) and (2.5) respectively.
For j r l the busy and the useh1 transmission periods depend on the number of frame anivals during lhe last slot of the idle pcriod, thus = B(1) and fi = U (1) and from (2.1) it follows
For finding the throughput S, we have to calculate B( TPda), B(TPFIa), U(TPda) and U(TPda). Using (2.7) for X = TPda and for X = TPda, we obtain two equations of two unknowns, B(TPJa) and B (TP,Ju) . Solving these equations and substituting d(1) and u(1) we can calculate B(1). Using (2.8) and the above described procedure, we can calculate U(1). The duration of successful and non-successful transmission plus the DIFS interval of the Basic C S W C A and the RTSfCTS C S W C A are respectively given by:
where /j is the normalized length of SIFS, 6 the normalized length of an ACK frame, y is the normalized length of an RTS frame and 8 the normalized length of a C T S frame.
TP, = y + 7 + f
DELAY ANALYSIS
As frame delay L is defined the time elapsed between the generation of a frame and its successful reception and is measured in frame transmission times. The backoff algorithm and the number of retransmissions are the main parameters that affect the frame delay. If a frame is received successfully the first time it is transmitted, then the delay depends on the frame transmission time T and the medium access time R. R is defined as the time elapsed from the moment a station starts sensing the medium to the moment it accesses the medium (due to the backoff procedure). For calculating the average frame delay for the Basic and RTSICTS CSMNCA, we define as TS the duration of a successful transmission pcriod (TPs duration minus DIFS) and as Tp the duration of a non-successful transmission period (TPF duration minus DIFS). The probability of a successful transmission is PSum = SfG, thus the probability of a non-successfid transmission is 
while (A(X))Z is obtained by the following equation
Finally, 5 is equal to D (1) which can be obtained bY
The mean number of collisions is calculated by using throughput S and the total traffic G. G/S is the mean number of trials for transmitting a frame successfully, so the mean xiumber of collisions is equal to (G/S-1). Therefore the average frame delay for the Basic and RTSKTS method is obtained by
L=(%-l)(Tr +Y+R)+(T, +E)
where Y is a random variable that represents the time a station waits until a frame collision has been detected.
NUMERICAL RESULTS
In this section, we present numerical results for channel throughput and frame delay of both types of CSMA/CA and we compare their performance. The Note that the performance of the Basic method deteriorates rapidly (low throughput and large delays) as the number of stations increases due to the increased collision probability. The RTS/CTS method provides higher throughput and much lower delay. As the number of stations increases, the perforrnance of this method appears more robust. The enhanced performance of RTSKTS method is due to the reduced duration of retransmissions.
In Figure 4 .2 is depicted the dependence of the C S W C A methods on the traflk G and the transmission probability p. The throughput of the Basic method decreases in high load conditions and when the transmission probability p increases, since lower average backoff time is experienced and the collision probability increases. However, the RTS/CTS method provides significantly bctter throughput at high load conditions and is less dependable on the backoff pr0c:edure.
CONCLUSIONS
In this paper, we analyzed and compared the Basic and the RTS/CTS modes of the CSMA/CA protocol.
The Basic method has low throughput and large delays at high loads and depends strongly on the number of stations and the transmission probability.
On the other hand, the RTS/CTS mclliod provides higher throughput and lower delays when the system is highly loadcd and is more robust to fluctuations in the number of stations and the transmission probability. 
